The indigenous microflora of soil were released from the soil materials and concentrated without the occurrence of growth by use of a blending-simple centrifugation procedure. The cell concentrate was then frozen-etched and viewed by transmission electron microscopy. Criteria were established for detecting microbial cells among the residual soil debris. The freeze-etching of the soil cell concentrate provided results on cell size distributions in agreement with those obtained by thin sectioning. However, the blending-simple centrifugation procedure for cell release and concentration from soil allowed the observation of large cells (> 1.0 ,um in diameter) which apparently are missed by the "exhaustive centrifugal washing" cell separation-concentration procedure. The procedure of blending-simple centrifugation combined with the viewing of frozenetched preparations allowed evaluations of the soil microflora for cellular diameters, length-width ratios, shapes, and structure.
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Bae et al. (1) described methods for physically separating and concentrating microbial cells from soil without the occurrence of growth. The cells were then sectioned and evaluated by transmission electron microscopy for size and fine structure. The sectioning required that all gritty soil debris be removed from the organism preparations, and this was accomplished by exhaustive centrifugal cell fractionations and washings. Among other results, this study demonstrated the occurrence in soil of many dwarf cells (<0. 3 ,m in diameter) as well as cysts and microcysts. Little information resulted, however, concerning the actual shapes of the various in situ indigenous soil microorganisms.
The object of the present study was to determine whether the soil microbial population could be viewed and evaluated by transmission electron microscopy of replicas of frozen-etched cells which had been physically separated from this habitat and, if so, whether simpler procedures of cell separation could be used than were required for the thin-section studies. Also of interest were (i) whether the dwarf cells would be detected by this procedure, (ii) whether fractures exposing the interior of a cell to view would aid in the detection of microbial cells and, possibly, provide a clue as to the type of cell that was being viewed, and (iii) whether this approach would allow an overall picture of ' This research was authorized for publication as paper no. 4347 in the joumal series of the Pennsylvania Agricultural Experiment Station on December 4, 1972. the sizes and shapes of the major components of the soil microbial population. MATERIALS Soils B and C were screened through a no. 8 sieve and then prefixed by shaking 100 g of soil for 1 h with 100 ml of 2.5% glutaraldehyde in 0.1 M phosphate buffer at pH 7. To release the cells from the soil materials, the above prefixed mixture was combined with 100 ml of 0.2% sodium pyrophosphate and blended in a Waring blender for 1 min (two 30-s bursts separated by a 30-s interval). The resulting suspension was allowed to settle for about 5 min, and then most of the liquid was poured off, leaving the heavier material in the blender. This residual material was further blended with 100 ml of 0.5% sodium pyrophosphate and, after about 5 min of settling, most of the liquid was again poured off and combined with the supernatant fluid from the first blending. The combined fluids were allowed to settle for approximately 15 min so that a division layer was formed. Two-hundred milliliters of the upper layer was then withdrawn with a propipette and centrifuged for 15 min at 23,300 x g in a Sorvall RC2-B centrifuge fitted with a GSA BALKWILL AND CASIDA rotor. The resulting clear, straw-colored, supernatant fluid was discarded, leaving a pellet with a slimy, dark-brown to black uppermost layer which was 0.5 to 1 mm in thickness. This layer was removed with a rubber policeman and subjected to freeze-etching, while the remainder of the pellet (light brown in color) was discarded. The above procedure was also performed on non-prefixed soils B and C, by using either distilled water or 0.1% sodium pyrophosphate as the soil suspension fluid, and on non-prefixed soil A in conjunction with the pyrophosphate.
A suspension of cells which had been physically separated and concentrated from soil A by exhaustive centrifugal washing followed by a Ludox gradient (1) was kindly supplied by H. C. Bae. These cells had been prefixed in the soil with OSO4.
The cell concentrates from soil were diluted with distilled water to a thick liquid consistency, placed on 3-mm gold specimen disks, frozen in Freon 22, and transferred to liquid nitrogen. They were then fractured, etched for 1 min, and replicated in a Balzers BA360M freeze-etching device at -100 C by the procedure of Moor and Muhlethaler (10) . The platinum-carbon replicas were cleaned in 25% HF for 1 h, rinsed with distilled water, treated in Clorox (Clorox Co., Oakland, Calif., 5.25% NaClO) for 30 min, and, finally, rinsed several times with distilled water. The cleaned replicas were then picked up on uncoated 400-mesh copper grids and viewed with a Philips EM 300 electron microscope operating at 60 kV.
Replicas which contained sufficient numbers of cells (two to four per field at a magnification of 25,500 or 32,000, as with soil C) were photographed at relatively low magnifications (12,000-16,000), and 2.7-fold enlargements of the negatives were examined for cells. Many areas of these replicas were photographed so as to provide a representative sampling of the cells present. If the replicas contained only low numbers of cells (one per four to five fields at a magnification of 25,500 or 32,000, as with soil B), the replicas were scanned, and all cell-like objects in various areas of the replica were photographed at these magnifications. These cells were then examined on 2.7-fold enlargements of the negatives.
Cells in the photographs were measured and, except where length determinations were made, their sizes were expressed as the small diameter of the cell. Cell shapes were assigned according to length-width ratios; coccoid and oval-shaped cells had a ratio < 1.5, and ratios for coccoid-rods and rod-shaped cells were 1.5 to 2.0 and > 2.0, respectively. The cells were also grouped as to morphological types as determined by their surface characteristics and internal features exposed by fracturing.
RESULTS
Objects were considered to be cells if they displayed (i) a fracture down to a typical membrane surface (as in Fig. 1 ), (ii) a crossfracture showing a defined cell wall or typical cytoplasm, or both (as in Fig. 2 ), or (iii) a surface structure of apparent biological origin (as in Fig. 9 ). Of the 3,400 celllike objects photographed, 98% met one or more of these criteria, usually the first. The remainder may have been cells, but they lacked sufficient features to identify them as such (Fig. 1) .
The cells usually could be recognized among the pieces of soil debris on a well-prepared replica ( Fig. 1) , although it was necessary to search carefully if large amounts of debris were present. The amount of debris could be partially controlled by the final dilution of the soil-cell concentrate just prior to freeze-etching, but it was primarily a factor of the particular soil being examined. Soil debris also presented a problem in the cleaning of the replicas; conventional reagents seemed to be unable to remove it, thereby requiring the use of 25% HF.
The percent distributions of cell sizes for the three soils are presented in Table 1 . A few cells were buried too deeply below the surface of the fracture to accurately measure their diameters ( Fig. 13, 14 ) (as indicated by the curvature of the exposed portions of the cells), and these were not included in the data. There do not appear to be any marked differences in cell size distributions for the cells collected from the three soils by means of the blending-simple centrifugation procedure and viewed as frozenetched preparations, and no one prefixation cell release procedure used on these soils appears better than the others. The percentage of dwarf cells (<0.30 pm in diameter) in these soils ranged from 10 to 30%, and the percentage of cells >0.50 pm in diameter ranged from 24 to -57%. In contrast, 50% of the cells for soil A were in the dwarf cell range and 14% were in the >0.50-pm range for cells collected by the exhaustive centrifugal washing-Ludox procedure and viewed as frozen-etched preparations. However, the cell size distributions as determined by freeze-etching were in agreement with those resulting from the examination of cell thin sections when both procedures were applied to the same cell concentrate from soil. Thus, the soil A cell concentrate of Table 1 as obtained by the exhaustive centrifugal washing-Ludox procedure was examined by both methods, and the cell size percent distributions are presented in Table 2 .
The percent distributions of microbial cell shapes for soils B and C are presented in Table  3 . Because the prefixation cell release procedures used did not give significant differences, the data represent the sum results for each soil. Approximately 50% of the cells displayed enough surface area to allow determinations of their shapes. The remainder (i) were largely buried below the fracture surface, (ii) were cross-fractured in a manner that left little or no surface area visible, or (iii) appeared as a hemisphere. The true shapes of the hemispherical cells could not be determined, since it was impossible to ascertain whether they represented half of a coccoid cell or the end of a rod-shaped cell.
The ability to determine cell shapes sometimes allowed an expression of both large and small diameters of the soil cells. These determinations could be made for 233 (41%) of the dwarf cells photographed. Their average length was 0.65 um, and 81% were within the range of 0.31 to 0.90 gm. The total range was 0.2 to 1.5 ,um. For the mid-range cells (small diameter 0.31 to 0.50 gm), 419 cells (36%) could be measured, and they averaged 0.88,um in length.
Eighty-nine percent were in the range of 0.41 to 1.2 ,m; the total range was 0.41 to 2.0 ,um. Usually, the lengths for cells with a short diameter of >0.50 ,gm could not be determined because of cross-fracturing of partial burial beneath the fracture plane. Of the 1,221 cells considered in Table 3 , 9% presented the approximate dimensions of 0.5 by 1.0 um; Russell (13) stated that these dimensions defined a soil coccoid-rod cell.
The various combinations of prefixation and soil suspension fluids gave almost identical results for percent distributions of cell morphological types. Therefore, Table 4 presents only those results for soils prefixed with glutaraldehyde and then suspended in pyrophosphate. Many of the cells observed were prokaryotic forms having no unique morphological features. Some displayed (i) spherical bodies, which may represent membrane vesicles (17) or storage granules (7, 12, 14) (Fig. 3) , (ii) cross-fractured round bodies, which may represent polyphosphate (7, 14) or other storage materials (12) (Fig. 4) , (iii) patterned (as reported for Nitrosocystis oceanus; reference 16) (Fig. 5) and striated (Fig. 6) surfaces, (iv) convoluted cell walls (possibly bacterial spores; reference 8) (Fig. 7) , or (v) granules of poly-3-hydroxybutyric acid (12, 14) (Fig. 8) .
Cells with somewhat complicated internal organization (Fig. 2) ranged from around 0.5 to 5 ,um in diameter, invariably comprising the largest cells (larger than 1 gm) in any of the soils and most of the cells in the 0.7 to 1.0 gm range.
These cells may be eukaryotic, as some of them contain structures that could represent a nuclear membrane (Fig. 3) . Most contain unidentified spherical structures (Fig. 3 ) similar to those seen in fungal hypae (3), cross-fractured Streptomyces hyphae (18) , or blue-green algae (7) .
Several morphological types occurred only in small numbers. Among these were objects with surfaces similar to fungal conidia (5, 6) (Fig. 10) , basidiospores (4), and Streptomyces spores (Fig. 9) , as reported by several workers (19, 20) . Some cells displayed what appeared to be a thick wall (Fig. 11) , or material between the wall and plasma membrane (Fig. 12) , whereas others appeared to have several outer layers ( Fig. 13 ) (although these possibly could represent multiple fracturing of gram-negative cell walls; references 11, 14, 15) . A few objects appeared to be bacterial spores (Fig. 14) , having surfaces or features similar to those reported for laboratory-produced spores (8), but no objects were observed that could be positively identified as cysts based on comparisons with published photographs of laboratory-produced cysts (2, 9) .
About 4% of all of the morphological types observed displayed some sort of projections (Fig. 1, 11 ). This was not affected by either deletion of prefixation with glutaraldehyde or failure to use pyrophosphate for the cell-release procedure. DISCUSSION This study showed that the indigenous microorganisms of soil can be separated and concentrated relatively easily from their habitat without the occurrence of growth, and that they can be viewed as shadowed replicas of frozenetched preparations. In most instances, the microbial cells were easily detected, because of their tendency to fracture to an identifiable internal structure, such as the plasma membrane. Only the numerically dominant microorganisms were seen in this study, however, as it would have been necessary to examine much larger numbers of cells to detect forms present in comparatively low numbers.
The procedure for cell separation and concentration from soil used in this study is considerably simpler and less time consuming than the exhaustive centrifugal washing procedure used by Bae et al. (1) 7 5 granules Convoluted walls 1 6 Patterned and striated surfaces Table 3 might be considerably greater and that the average lengths for dwarf and mid-range sized cells might be shorter than stated.
Freeze-etching appeared to be unable to detect the large numbers of cystlike cells in the soil habitat as reported in the cell sectioning study of Bae et al. (1) . This did not seem to be a result of the differences in the soil workup procedures used in the two studies, because freeze-etching did not detect with certainty any cysts in the soil A preparation (Tables 1 and 2 ) which had been prepared by exhaustive centrifugal washing. More likely, the apparent lack of cysts with freeze-etching is due to the fractures not penetrating deeply enough into the cell to allow observation and identification of the layers within the cyst (9) . The fractures of nonencysted cells often penetrated to and were exposed at the level of the plasma membrane. Obviously, this also could mean that freezeetching might not be able to show that various other soil organisms had unique internal structures.
Pyrophosphate, which is generally considered to be a soil-dispersing agent, was used to bring about the release of the greatest possible number of cells from the soil particles. The results, however, did not indicate any appreciable increase in cell release. In addition, pyrophosphate had little effect on the cell size percent distribution patterns obtained. Omission of the prefixation with glutaraldehyde had no significant effect upon the results, and its use may not be necessary except as a precaution against possible damage to or loss of cells sensitive to the cell release and concentration procedures.
As to the unusual cells found in low numbers in the soil cell concentrates, those with thick walls might be cysts, spores, or other resting forms, as might those with material between the wall and cytoplasmic membrane. The latter could also correspond to the cells with a distinct periplasmic space, as reported by Bae et al. (1) . Finally, the identity of the projections around some of the cells remains uncertain and, although these may represent the remains of a capsular or slime layer, they could also be an artifact of the freeze-etching process.
